Multiple reductive dehalogenase (RDase), hydrogenase (H 2 ase), and other respiration-associated (RA) oxidoreductase genes have been identified in cultured representatives of Dehalococcoides. Although their products are likely to play key roles in the environmentally important process of reductive dechlorination, very little information is available about their regulation and specific functions. Here we show increased expression and temporal variability in the expression of five RDase genes and in the expression of genes for a putative formate dehydrogenase (Fdh) and two H 2 ases, including a periplasmic [Ni/Fe] H 2 ase (Hup) and a cytoplasmic [Fe] H 2 ase (Vhu). mRNA transcripts extracted from tetrachloroethene-dechlorinating mixed cultures corresponding to Fdh, the H 2 ase Hup, and the RDase targets TceA and DET0162 were expressed most highly, with average levels 34 (؎ 7.5)-, 23 (؎ 6.7)-, 16 (؎ 3.3)-, and 13 (؎ 3.3)-fold higher, respectively, than that for RNA polymerase (RpoB). H 2 ase and RA transcripts reached their respective expression maxima within the first 2 h after feeding. RDase transcripts, however, were most highly expressed after 3 h and exhibited greater temporal variability than other transcripts. Comparison with D. ethenogenes strain 195 pure culture expression levels indicated that RDase DET1545 was more highly expressed in mixed cultures, where, on average, its transcript level was sixfold higher than that of RpoB. While the specific functions of several of these gene products remain elusive, the high expression levels and temporal variability reported here suggest that these groups of enzymes are metabolically important for the respiration of chlorinated ethenes in mixed cultures containing Dehalococcoides.
Chlorinated ethenes are common groundwater contaminants that are found at more than half of the sites on the EPA's National Priorities List (1) . A mixed enrichment culture capable of reductively dechlorinating tetrachloroethene (PCE) successively to trichloroethene (TCE), cis-1,2-dichloroethene (cDCE), vinyl chloride (VC), and the harmless compound ethene was developed to study this microbially mediated process (4) . This enrichment culture (D2) has been maintained for more than a decade and is currently the source of an extract required to grow pure cultures of Dehalococcoides ethenogenes strain 195, a member of the Chloroflexi phylum capable of complete anaerobic reductive dechlorination of PCE. D. ethenogenes uses H 2 as its sole electron donor; in the D2 enrichment culture, H 2 is formed from the anaerobic fermentation of butyric acid to acetate and H 2 (3, 6) . This organism, which was isolated from an earlier generation of the D2 enrichment culture, has been well characterized and its genome has been sequenced (14, 16, 18, 20) . Characterization of additional Dehalococcoides strains indicates that although all representatives have multiple reductive dehalogenase (RDase) genes, both the number of RDase genes and the corresponding substrate ranges can vary by strain (8, 11, 22) .
Of the 19 putative RDase genes identified in the genome of D. ethenogenes strain 195, only those corresponding to PceA and TceA, which are believed to catalyze the reductions of PCE to TCE (13) and of TCE to ethene (12) , respectively, have been characterized. Very little is known about the specific functions of additional RDases and other putative respiratory enzymes in the D2 enrichment culture containing strain 195. Recent studies in both pure (J. Fung, personal communication) (17) and mixed (17) PCE-fed cultures containing strain 195 indicated that genes predicted to encode four RDases (TceA, DET0162, DET0318, and DET1559), a periplasmic [Ni/Fe] H 2 ase (Hup), and a putative formate dehydrogenase (Fdh) exhibited the highest overall expression levels. In another study, expression of multiple RDases in a functionally similar Dehalococcoides-containing mixed culture (KB1) was induced by a single chlorinated substrate, suggesting that several RDase enzymes might contribute to chloroethene dechlorination (22) . Although RDase DET1545 did not show increased expression levels in PCE-grown strain 195 pure cultures, Waller and colleagues reported expression of a closely related homolog (22) , and peptides matching DET1545 were detected during proteomic analyses of strain 195 (R. Morris, unpublished data).
It has recently been shown for Geobacter sulfurreducens that molecular parameters can serve as bioindicators of interesting metabolic processes and that levels of mRNA transcripts can be correlated with rates of substrate reduction (7) . In the present study, we targeted several genes from D. ethenogenes strain 195 that may serve as potential bioindicators of reductive dechlorination and describe their expression profiles over the course of a PCE feeding cycle. Targets included eight RDase genes that showed increased expression during growth on PCE in pure culture, a gene whose RDase was identified by pro-teomic analyses (DET1545), five H 2 ase genes, and four additional respiration-associated (RA) transcripts (Table 1) . These data provide novel insights into the relative expression levels and temporal expression variability of key D. ethenogenes respiratory oxidoreductase genes in mixed cultures and suggest that they may serve as good bioindicators of PCE reductive dechlorination.
MATERIALS AND METHODS
Chemicals and stock solutions. Butyric acid (99%; Acros Organics) and PCE (99%; Alfa Aesar) were used as culture substrates and, in the case of PCE, as analytical standards. TCE (99.5%; Fisher Scientific), cis-1,2-DCE (97%; Aldrich Chemical Co.), VC (99.5%; Matheson Gas Products), and ethene (Matheson Gas Products) were used for preparation of analytical standards. Yeast extract (Difco Laboratories) was used as a culture amendment.
Culture procedure. A PCE-butyrate enrichment culture containing D. ethenogenes strain 195, designated D2, was maintained as described previously (5, 21) . Ten percent of the culture was periodically wasted and replaced with fresh basal medium (3) to obtain an average hydraulic residence time of approximately 100 days. Expression studies were performed in triplicate 160-ml subculture serum bottles with a headspace-to-liquid ratio similar to that used for the D2 enrichment culture. The D2 enrichment culture and each subculture were fed PCE (110 M) and butyric acid (440 M) at a 2:1 ratio to PCE on an electron equivalent basis (with butyric acid defined as having 4 equivalents/mol based on its fermentation to 2 mol acetate and 2 mol H 2 rather than its oxidation to CO 2 ), a vitamin solution (15) , and yeast extract to obtain a concentration of 20 mg yeast extract/liter of culture. A subculture lacking PCE was set up as a control to determine whether the activity of other organisms in the enrichment culture might contribute to expression levels. Strain 195 pure culture was grown on PCE and H 2 as previously described (14, 16) . In short, culture inoculum sizes were 2% (vol/vol) in 27-ml culture tubes containing 10 ml of growth medium. Basal salt medium was amended with 2 mM acetate, a vitamin solution containing 0.05 mg of vitamin B 12 per liter, 10% (vol/vol) filter-sterilized anaerobic digester sludge supernatant, and 1% (vol/vol) D2 enrichment culture extract. Culture tubes were sealed with Teflon-coated butyl rubber stoppers and incubated at 35°C.
Gas chromatographic methods. Ethene and chlorinated ethenes were measured by taking 100-l headspace samples via a gas-tight locking syringe, analyzed with a Perkin Elmer Autosystem gas chromatograph utilizing a 1/8-inch by 8-ft stainless steel column packed with 1% SP-1000 on 60/80 Carbopak B (Supelco, Inc.), and routed to a flame ionization detector as described previously (4, 21) . Column temperature was held at 90°C for 2.5 min, subsequently ramped at 30 degrees per minute to 195°C, and then held isothermally for 8 min. The flame ionization detector was isothermally held at 90°C over the 14-minute run time. Standard curves for PCE, TCE, cDCE, VC, and ethene were created by adding known amounts of each pure compound to 160-ml serum bottles containing 100 ml of distilled H 2 O.
Sampling procedure and nucleic acid extraction. Liquid culture samples were taken from the D2 enrichment culture and from each subculture prior to feeding (time zero) and at selected times following feeding. A sterile syringe was purged three times with a 70% N 2 -30% CO 2 gas mixture and used to withdraw either 1 or 2 ml of liquid culture for DNA or RNA analyses, respectively. The samples were placed in centrifuge tubes and immediately pelleted at 21,000 ϫ g for 2 min at 4°C. Supernatants were discarded and cell pellets were stored at Ϫ20°C or Ϫ80°C prior to DNA or RNA extraction, respectively. Pure culture cell pellets (3 ml) for RNA extractions were prepared by centrifugation at 4°C for 10 min at 21,000 ϫ g. The supernatant was discarded and cell pellets were stored at Ϫ20°C.
DNA and RNA extractions were performed within 24 h using UltraClean microbial DNA isolation (Mo Bio Laboratories) and RNeasy Mini (QIAGEN) kits. To control for mRNA losses during sample preparation and inefficiencies in reverse transcription, a normalization protocol modified from that described in the work of Johnson et al. (9) , in which 6 ϫ 10 9 copies of luciferase control RNA (Promega) were added during the lysis step of each RNA extraction, was employed. DNA contamination was removed from RNA samples according to the optional on-column RNase-free DNase I (QIAGEN) digestion protocol. RNA was quantified using the RNA 6000 Nano assay on an Agilent 2100 bioanalyzer (Agilent Technologies). A second DNase treatment step lasting 30 min was performed using RQ1 RNase-free DNase (Fisher Scientific).
Quantitative reverse transcriptase PCR (qRT-PCR).
On average, about 1 g of RNA was obtained per ml of culture collected. cDNA was synthesized from 0.2 g of RNA using an iScript cDNA synthesis kit (Bio-Rad) according to the manufacturer's instructions. Gene transcripts were quantified by amplification of cDNA with iQ SYBR green Supermix (Bio-Rad) and primers specific for D. ethenogenes strain 195 gene targets and for the luciferase control. H 2 ase primers were designed using the software package Beacon Designer 4 (Biosoft International) (17) . Other D. ethenogenes-specific oligonucleotides were designed using PrimerQuest (19) and mFold software available at the IDT website (http: //scitools.idtdna.com/Primerquest/) (J. Fung and S. H. Zinder, personal communication). Primer specificity was checked by BLAST analysis (2) . Standard curves for D. ethenogenes targets and for the luciferase control target (log DNA concentration versus the cycle number at which fluorescence reaches an arbitrarily set cycle threshold value) were generated using serial dilutions of DNA of known concentration extracted from pure and mixed enrichment cultures (for D. ethe- Triplicate amplifications of all standards, unknowns, and controls were performed using an iCycler iQ multicolor real-time PCR detection system (BioRad); 25-l reaction volumes contained 1ϫ iQ SYBR green Supermix, forward and reverse primer at a concentration of 700 nM, and approximately 3 ng of cDNA template. PCR conditions used for H 2 ase primer sets were as follows: 2 min at 50°C and 3 min at 95°C followed by 40 cycles of 1 min at 55°C and 1 min at 95°C. PCR conditions for all other primer sets were as follows: 2 min at 50°C and 10 min at 95°C followed by 40 cycles of 1 min at 60°C and 1 min at 95°C. Melt curve analyses were performed after all runs to check for purity of amplicons. A pure culture DNA sample of known quantity was analyzed with each primer set and yielded the same abundance value regardless of the primer used, supporting the suitability of the mixed-culture standard curves.
RESULTS
Preliminary analysis of gene expression and target selection. qRT-PCR data were taken from the D2 enrichment culture over the course of a PCE-butyrate feed to identify temporal trends in gene regulation and to select highly expressed targets for further analyses ( Fig. 1; Table 1 ). Genes encoding four RDases (TceA, DET0162, DET0318, and DET1559), two H 2 ases (Hup and Vhu), and two RA targets (Fdh and AtpA) exhibited the highest overall expression levels and were greater than that of the gene encoding RpoB, which was chosen as a "housekeeper." The RDase DET1545 gene was not targeted in the initial D2 expression study. Its product, however, was subsequently identified by liquid chromatography-tandem mass spectrometry proteomic approaches, and it was added to the list of potential bioindicators. A comparison of pure and mixed culture expression levels indicated that DET1545 expression was lower than RpoB expression in pure cultures but increased by nearly 5.6 (Ϯ 3.4)-fold relative to RpoB expression in mixed cultures. Genes encoding the H 2 ase Hym and the RA target NADH-ubiquinone oxidoreductase (Nuo) had expression levels similar to that for the RpoB gene, and the expression levels of additional RDase, H 2 ase, and RA targets, including the molybdopterin oxidoreductase (Mod) gene, were lower than that for the RpoB gene and were not included in additional expression studies reported here.
Expression and temporal variability. Preliminary qRT-PCR results ( Fig. 1) suggested that expression of some targets increased within 1 h of feeding and reached maximum observed levels within 12 h, after which point expression tended to slowly decline until returning to the hour 0 state. As a result, highresolution qRT-PCR measurements of a subset of highly expressed targets were taken from triplicate subcultures inoculated with D2 and incubated for 12 h. With the exception of DET1545 and DET0318, all targets studied showed at least an order of magnitude increase in expression between 0 and 1 h. The Fdh target had average expression levels 34 (Ϯ 7.5)-fold higher than that of the housekeeper RpoB and was followed by the H 2 ase Hup and the RDase targets TceA and DET0162, which had average expression levels 23 (Ϯ 6.7)-, 16 (Ϯ 3.3)-, and 13 (Ϯ 3.3)-fold higher, respectively, than that for RpoB (Fig. 2) . Similarly high expression levels were observed for the Fdh target in a previous study, which indicated that the Fdh target was up-regulated in both batch-pure and mixed cultures (17) ; this result was surprising, given the evidence that D. ethenogenes strain 195 is not capable of using formate as an electron donor (X. Maymo-Gatell, Y. Chien, T. Anguish, J. M. Gossett, and S. H. Zinder, unpublished results). For all targets studied, average expression levels in the control subculture lacking PCE were approximately 2 orders of magnitude lower (2% on average) than in PCE-fed subcultures.
No significant increases were observed in D. ethenogenes 16S rRNA gene abundance during the first 12 h after PCE feeding on September 7, 2017 by guest http://aem.asm.org/ (Fig. 3A) . These data suggest that the population of D. ethenogenes stayed relatively constant throughout the experiment and that qRT-PCR trends reported here reflected differences in expression rather than cell numbers. Temporal variability in the expression profile of the RpoB gene, when plotted relative to its own expression maximum, indicates that the period of highest cellular activity is between 0 and 3 h (Fig. 3A) . Statistical comparison of three gene groups-RpoB, H 2 ase/RAs (Hup, Vhu, Fdh, and AtpA), and RDases-indicate that expression profiles differ across the three groups [one-way analysis of variance showed significant interaction of time by gene group; F(8,2) ϭ 4.612; P Ͻ 0.0001]. General trends in gene categories suggest that H 2 ase and RA transcript levels were highest early during dechlorination (0 to 3 h), while RDase transcript levels increased more slowly, reached their maxima after 3 h, and persisted for up to 12 h (Fig. 3A) . RDase transcript levels were typically highest after TCE, cDCE, and VC daughter products had reached their maximum values ( Fig.  3A and B) . Reductive dechlorination profiles resembled those previously reported for the D2 enrichment culture (6) . Daughter products were observed within 0.3 h, and added PCE was dechlorinated by near-zero-order kinetics to VC and ethene within 4 to 5 h. Between 2 and 3 h, TCE and cDCE accumulated to their respective maxima of approximately 10 and 40 M. VC concentration increased for 3 to 4 h, at which point it was slowly converted to ethene for the duration of the experiment (Fig. 3B) . Previous studies have suggested that expression levels of Dehalococcoides targets may vary over time and that conclusions based on any single time point may be confounding (17) . Figure 4 indicates that, between hours 1 and 12, some targets have a larger range of expression relative to that of the RpoB gene than others. The relative abundance of the TceA gene target at its maximum is 9.2 times higher than its lowest observed relative abundance during this time period. In contrast, the Hup gene target shows only a 5.8-fold difference in relative abundance between its highest and lowest expression levels. In general, group comparison indicates that RDase targets are expressed with greater variability than are H 2 ase or RA targets. Each mRNA target is plotted as a fraction of its maximum expression and is represented by its corresponding product. Expression of the RpoB gene, a central metabolic housekeeper, declines after 3 to 4 h, when a majority of respirable substrates are dechlorinated. The Fdh, AtpA, Hup, and Vhu genes are grouped as targets associated with hydrogen metabolism and experience maximum expression within the first 2 hours. RDase genes are grouped together and tend to experience maximum expression after 3 h. (B) Dechlorination profiles in triplicate subculture bottles. PCE (■), TCE (F), and cDCE (OE) are fully dechlorinated within 4 to 5 h, followed by the slow conversion of VC (छ) to ethene (ƒ).
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housekeeping gene encoding RpoB, and their corresponding proteins, with the exception of DET0162, were identified in a previous study using proteomic approaches (17) . The DET0162 target, although highly expressed, contains a point mutation, has a partially truncated anchor protein, and is unlikely to code for a functional RDase (20) . RDase and H 2 ase targets tended to be expressed as groups of respiratory oxidoreductases that exhibited different patterns of temporal variability. Additionally, expression by gene category, particularly in the case of the RDase genes, varied significantly over time.
It is likely that the products of these genes play important roles in reductive dechlorination. Further research into the relationship between expression levels and the catalytic functions of these enzymes is likely to provide novel insights into the signal(s) that controls their expression at field sites contaminated with chlorinated ethenes. While increases in expression were observed within the first hour after PCE feeding, expression in no-PCE controls did not significantly increase, supporting the conclusion that expression levels are attributable to D. ethenogenes rather than to other members of the community, such as fermenters or methanogens. Furthermore, measurements of relative cell numbers did not indicate a significant change in the population size during the time frame of this study (Fig. 3A) . Although some growth certainly occurred in these cultures, increases in cell numbers alone could not account for the order of magnitude increases in expression that were observed.
Two recent studies of Dehalococcoides have shown that expression levels of TceA and H 2 ase targets can vary with time (10, 17) . Johnson et al. examined the RDase target TceA under a variety of conditions and found that its expression was independent of hydrogen concentration and chlorinated ethene concentration down to about 2 M but that it varied according to the electron acceptor used (10) . In general, they found that expression of the TceA target increased over time in response to growth-supporting substrates (TCE, cDCE, 1,1-DCE) as well as to trans-DCE, which does not support growth, but that PCE or VC did not lead to increased expression. Our results indicate that expression levels in batch cultures of many key respiratory targets, particularly RDases, depend on time of sampling and that individual target expression does not appear to correlate with the instantaneous dechlorination of specific chlorinated ethenes. Furthermore, results show distinct temporal patterns in the ways that RDases and H 2 ases are expressed: H 2 ases and RA targets (including Fdh and AtpA) tend to reach their maximum expression earlier in the feeding cycle, as does the housekeeper RpoB, while RDases tend to reach their maxima later. D. ethenogenes may maintain a relatively large "standing crop" of RDase enzymes which, though adequate for initial dechlorination, require augmenting as high concentrations of substrate persist. It is also possible that D. ethenogenes devotes its initial energy to the gathering of electrons, up-regulating RDase expression only after creating a sufficient pool of reducing energy (a high concentration of charged energy carriers). Finally, the expression of RDase and H 2 ase targets may be up-regulated as daughter products (such as TCE, cDCE, and VC) reach critical concentrations.
The variability in expression trends across functionally distinct gene categories (housekeeper, H 2 ase, RA, and RDase) suggest that transcriptional regulation is occurring at the group level. Housekeeper, H 2 ase, and RA target expression profiles share similar patterns of temporal variation that are different from those of RDase profiles (Fig. 3A) . While RDases as a group are up-regulated later than H 2 ase and RA targets, the timing and extent of up-regulation varies for each RDase target. This suggests that unique regulatory pathways exist for each RDase gene and agrees with the prediction of two-component regulatory elements (histidine kinases and response regulators) flanking most of the RDase genes in the available Dehalococcoides genomes (11, 20) . These regulatory elements may work in both cis and trans fashion to coordinate expression of multiple RDase genes.
Our goal was to identify possible bioindicators of reductive dechlorination and understand their expression over time in response to addition of growth-limiting substrates. A good bioindicator for ultimate field use should be specific (unique to the genes imparting the desired activity), accurate (correlated to the desired activity), and quantifiable (detectable and measurable). The housekeeper RpoB is an attractive option, since it is highly conserved among Dehalococcoides groups compared to more mobile and divergent targets such as the RDases. On the other hand, H 2 ases and RDases, once a better understanding of their expression under various conditions is obtained, may have the ability to yield more information about dechlorination potential and rate. Also, the higher expression levels of some H 2 ase and RDase targets may make them more attractive options at field sites where cell densities are low and detection limits are a major concern. Accurate and comprehensive documentation of in situ bioremediation at a field site will probably require a suite of bioindicators that includes highly conserved, more metabolically central targets, such as RpoB, and targets more specific to reductive dechlorination, such as Hup and TceA. Here we report novel respiratory oxidoreductase expression data from a mixed dechlorinating 
